bound to PCNA show that half of the consensus PCNA same complex. The structural stability of this product complex suggests that it represents a stable intermedibinding motif adopts a helical conformation, placing the conserved hydrophobic residues (LXXFF) on the same ate in the replication and repair process. face of the helix. This structure facilitates interactions with a hydrophobic pocket on the PCNA surface formed To test the functional importance of the structurally peptides bound to A. fulgidus PCNA, coupled with fluodefined DNA 3Ј flap binding site, we tested the activity rescence energy transfer (FRET), activity, and mutaof designed mutants for key residues. Mutation of contional analyses.
served interface residue Thr55 to Phe, expected to severely disrupt the binding pocket ( Figures 1C and 2C) , decreased FEN-1 activity at least 100-fold ( Figure 2F ).
Results
In addition, mutation of Arg64 to Ala, expected to disrupt hydrogen bonding to the dsDNA backbone, similarly Structure of FEN-1 Bound to DNA decreased FEN-1 activity ( Figure 2F ). Moreover, the imTo characterize FEN-1 interactions with the DNA 3Ј flap, portance of hydrogen bonding to the 3Ј-hydroxyl is valiwe determined the structure of Archaeoglobus fulgidus dated by the ‫-01ف‬fold decrease in activity for 3Ј flaps FEN-1 bound to the 3Ј upstream portion of a doublecontaining dideoxynucleotides (Kaiser et al., 1999). flap DNA substrate ( Figures 1A-1C ) by multi-wavelength These results are consistent with gel shift experiments anomalous dispersion (MAD) with seleno-methionine showing that FEN-1 has a significantly higher affinity for substituted FEN-1 (Supplemental Table S1 at http:// double-flap substrates compared to substrates lacking www.cell.com/cgi/content/full/116/1/39/DC1). We a 3Ј flap (Friedrich-Heineken et al., 2003). obtained two different crystal forms, which diffracted to FEN-1 interactions with the 3Ј flap and associated 2.5 Å and 2.0 Å resolution. In the two structures, the DNA do not depend on the identity of the bases, but overall conformation of FEN-1 is similar, with 0.52 Å 2 instead require that the substrate adopt a specific strucroot mean square deviations (rmsd) for all aligned C␣ ture. The direct interactions between the hydrophobic atoms. The enzyme architecture consists of a mostly wedge and the 3Ј flap observed in the FEN-1:DNA crystal parallel six-stranded ␤ sheet surrounded on both sides structures interrupt the DNA helix, likely preventing a by ␣ helices that create a prominent groove, housing continuation of linear DNA conformation and separating the enzyme active site ( Figure 1B) and resembling other the 5Ј flap and associated duplex away from the 3Ј flap. FEN-1 structures.
The identification of the hydrophobic wedge and the 3Ј DNA binding is mediated by residues conserved in flap binding site, as well as their location ‫52ف‬ Å from all known FEN-1 homologs ( Figure 1D ). These residues the active site, suggest that upon binding to FEN-1, the emanate from two pairs of ␣ helices (␣2, ␣3 and ␣14, DNA substrate undergoes considerable conformational ␣15) and the two loops connecting these helical pairs changes that originate at the flap junction. (␣2-␣3 and ␣14-␣15; Figures 1B and 1D ). In addition, the 3Ј flap and associated double-stranded DNA binds in the same binding site in both structures. In experiments conformations ( Figure 2D ). In contrast, the helical clamp ( Figure 3A ; Table 1 ). By measuring changes in the fluorescence intensity of the rhodamine (acceptor) peak in the FEN-1:DNA structures adopts a well-ordered antiupon excitation of fluorescein (donor), we determined parallel two-helix bundle ( Figures 2D and 2E ). The prethe distance in space between the two dyes in the abdominant ␣-helical structure of the helical clamp region sence and presence of FEN-1 ( Figures 3A and 3B ). observed in the FEN-1:DNA cocrystal structure is conTo accurately characterize conformational changes sistent with biochemical and spectroscopic data that in DNA, we performed FRET measurements on three show both conformational changes and an increase in substrates of differing lengths (Table 1) To examine structural interactions between FEN-1 and PCNA associated with FEN-1 activation, we determined Specifically, the resulting binding orientation suggests that a glycine-rich loop in the H3TH (helix-three turnstructures of A. fulgidus PCNA (aPCNA) alone and in complex with peptides derived from the C terminus of helix) motif contacts the phosphate backbone of the template strand in the downstream DNA duplex. These FEN-1 (Supplemental Table S1 on the Cell website). The 1.8 Å resolution aPCNA crystal structure without bound same residues in P. furiosus FEN-1 were predicted to Figure 5D ). aPCNA stimulates conformation and bind within a hydrophobic pocket on PCNA ( Figure 5E ). Residues from the interdomain conthe activity of both enzymes by ‫-02-51ف‬fold ( Figure 5F ). Addition of the aFEN-1 peptide to the reaction reduces necting loop and nearby ␤ strands form this conserved binding pocket on the PCNA surface (yellow residues, aPCNA-mediated activity stimulation by ‫-01ف‬fold (Figure 5F) . A nontrimeric aPCNA mutant (Y106A/K107P), Figure 5B ). The interactions of this motif and its structural conservation affirm its role as a hydrophobic ansimilar to the monomeric yeast PCNA mutants S115P (Figures 5B and 5D) . Thus, the ␤ zipper residues directly connect motifs that contact DNA and wedge opens the DNA helix, enforcing a kink that facilitates 3Ј and 5Ј flap recognition. This kinked DNA confor-PCNA (Figures 1B and 1D 
